The lowest energy geometric structures and electronic spin states of first row transition metal (TM) dioxygen dication molecules
Introduction
Transition metals (TMs) bound to an O 2 molecule are the chemically active site in many industrial [1] [2] [3] [4] [5] and biological [1, 2, [6] [7] [8] [9] [10] molecules. Considering the TM-O 2 bond to lie along the -axis of a Cartesian coordinate system, in TM-O 2 complexes, bonds can form by the interactions of TM 3 2 , 3 , and 3
atomic orbitals with suitable orbitals on the O 2 ligand in order to make (3 2 ) or (3 and 3 ) bonds (Scheme 1). While there have been numerous studies of neutral TM-O 2 [11, 12] complexes, in many TM-O 2 containing molecules of biological and industrial importance, the TM is bound to a porphyrin ring in the 2 − oxidation state. Therefore,
2+ molecules are the simplest approximations to this important class of TM-O 2 containing molecules.
Probably the most studied TM-O 2 bond is the Fe-O 2 bond due to its role in heme-containing proteins [13] [14] [15] [16] . This bond has been described as low-spin Fe(II) accepting an electron pair from excited singlet-state O 2 forming the bond, while donating an electron pair to oxygen to form a
bond. 2+ molecules (TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) as a precursor to a more in-depth study of the TM-O 2 bond.
Theoretical Methods
In order to locate the lowest energy geometrical configuration, B3LYP [17] [18] [19] geometry optimizations were performed using the LANL2DZ [20] [21] [22] effective core potential basis 
Scheme 2 set with an additional -type polarization function ( = 0.9610) on the O atoms [23] . Optimizations began with trigonal, linear, and bent starting structures as shown in Scheme 2. Optimizations at all three starting geometries were performed for singlet, triplet, and quintet spin states for [TM-
2+ molecules with an even number of electrons (TM = Ti, Cr, Fe, Ni, and Zn) and doublet, quartet, and sextet spin states for molecules with an odd number of electrons (TM = Sc, V, Mn, Co, and Cu).
In order to further verify the spin state of each molecule, CASSCF [24] [25] [26] [27] [28] [29] energy point calculations were performed for the various different spin states at the lowest energy B3LYP conformation. The CASSCF active space consisted of nine orbitals: the 5 TM -type orbitals along with the and * O 2 combinations (Scheme 3). Six electrons were placed into this active space from the O 2 and * orbitals, along with the TM electrons (i.e., 1 for Sc, 2 for Ti, etc.).
All calculations were carried out with the Gaussian 03 [30] suite of programs.
Results and Discussion
The geometric parameters and spin states of the lowest energy structures of all [TM-O 2 ]
2+ molecules studied herein are reported in Table 1 .
[ 2+ , one electron must remain in each of the 1 MOs, while another single electron occupies the 1 MO (Scheme 3, 2). This situation is only possible if the 1 and 1 MOs are close enough in energy that exchange stabilization outweighs the destabilization introduced by placing an electron in the higher energy 1 MO.
Upon examination of Scheme 3, it would appear that [Fe-
2+ should continue the trend of linearity by completely filling the 1 MO thus forming a stable singlet. Indeed, a stable linear singlet was found; however, it was 18.2 kJ/mol above the bent triplet ground state. Upon bending, the linear 1 MO (Scheme 3, 2) splits into the bent 3 and 1 MOs (Scheme 3, 3) . This results in a stabilization of the 3 MO due to increased bonding interaction, while the 1 MO experiences little change energetically. The triplet is then formed by placing a single electron in the 1 and 4 MOs. The bent triplet is favored over the bent singlet due to favorable exchange between electrons in these energetically close orbitals.
Adding 
Conclusions
In the current study, we present the lowest energy geo- Although it is clear that there is some level of electron transfer from the O 2 to the TM as well as some degree of TM to O 2 back donation, a more detailed analysis is required in order to fully understand the bonding in these unique molecules and how that extends to larger molecules of biological and industrial importance. Furthermore, we have shown that while the current results can be used as a starting point for studies of TM-O 2 containing molecules with donor and acceptor ligands, caution must be exercised as both high-and low-spin ground states are possible.
